Abstract-We propose an energy-efficient procedure for transponder configuration in few-mode fiber-based elastic optical networks in which bit error rate and physical constraints are guaranteed and joint optimization of temporal, spectral, and spatial resources are addressed. We use geometric convexification techniques to provide convex formulations for the signal-to-interference plus noise ratio, transponder power consumption, and transponder configuration problem. Simulation results demonstrate that the proposed convex formulation for the transponder configuration problem is considerably faster than its mixed-integer nonlinear counterpart. We consider transmit optical power as a configurable transponder parameter and show its optimization reduces total transponder power consumption more than 20%. We also analyze the impact of mode coupling and number of available modes on power consumption of different transponder elements.
I. INTRODUCTION
T HREE-DIMENSIONAL temporally, spectrally and spatially Elastic Optical Network (EON) has been widely acknowledged as the next generation high capacity transport system and the optical society has focused on its architecture and network resource allocation techniques [1] . EONs can provide an energy-efficient network configuration by adaptive 3D resource allocation according to the communication demands and physical conditions. Higher energy efficiency of Orthogonal Frequency Division Multiplexing (OFDM) signaling has been reported in [2] which nominates OFDM as the main technology for resource provisioning over 2D resources of time and spectrum. On the other hand, enabling technologies such as Few-Mode Fibers (FMFs) and multicore fibers have been used to increase network capacity and efficiency through resource allocation over spatial dimension [1] , [3] . Although many variants of algorithms have been proposed for resource allocation in 1D/2D EONs [4] , joint assignment of temporal, spectral and spatial resources in 3D EONs needs more research. Among the available works on 3D EONs, a few of them have focused on energy-efficiency which is a fundamental requirement of green optical networks [5] , [6] . Available energy-efficient 3D resource management approaches do not consider transmit optical power as an optimization variable. However, as shown in [7] for 2D EONs, adaptive assignment of transmit optical power considerably improves network provisioning process. Flexible resource allocation is an NP-hard problem and it is usually decomposed into several sub-problems with lower complexity [7] . Following this approach, we decompose the resource allocation problem into 1) Routing and Ordering Sub-problem (ROS) and 2) Transponder Configuration Subproblem (TCS) and mainly focus on TCS which is more complex and time-consuming [8] - [10] . We consider FMF because it has simple amplifier structure, easier fusion process, lower nonlinear effects and lower manufacturing cost compared to other space-division multiplexed optical fibers [3] , [11] . In TCS, we optimally configure transponder parameters such as modulation level, number of sub-carriers, coding rate, transmit optical power, number of active modes, central frequency and cyclic prefix length such that total transponder power consumption is minimized while Bit Error Rate (BER) and physical constraints are met. We provide convex expressions for transponder power consumption and Signal to Interference plus Noise Ratio (SINR), as an indicator of BER. We then use the results to formulate TCS as a convex optimization problem which can be efficiently solved using fast convex optimization algorithms. Simulation results show that our convex formulation can be solved more than 10 times faster than its Mixed-Integer NonLinear Program (MINLP) counterpart. Therefore, the proposed convex TCS is more suitable for dynamic resource provisioning where the available resources are periodically reallocated according to the time-dependent changes of the demands and network. We consider adaptive transmit optical power assignment in which transmit optical power is an optimization variable tuned for each connection request. We show that adaptive assignment of the transmit optical power has an important impact on total transponder power consumption and according to the numerical results, it can reduce consumed power more than 20%. We analyze the effect of mode coupling on power consumption of the different transponder elements and use simulation results to show that total transponder power consumption can be reduced more than 15% using strongly-coupled FMFs rather than weakly-coupled ones. Numerical outcomes also demonstrate that increasing the number of available modes in FMFs provides a trade-off between FFT and MIMO power consumption such that the overall transponder power consumption is a descending function of the number of available modes.
II. SYSTEM MODEL Consider an OFDM-based EON and assume that V and L are the sets of its optical nodes and directional optical stronglycoupled FMF links, respectively. The optical FMFs have M modes and gridless bandwidth B and consist of equal-length fiber spans. Q is the set of connection requests and Q l shows the set of requests sharing FMF l on their routes. Each request q is assigned a contiguous bandwidth q around 1558-2558 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. carrier frequency ω q and modulates m q modes of its available M modes. The assigned bandwidths remain continuous over their routes and include 2 b q OFDM sub-carriers with subcarrier spacing of F so, q = 2 b q F . To have a feasible MIMO processing, the remaining unused modes of a request cannot be shared among others [11] . Request q passes N q fiber spans along its path and has N q,i shared spans with request i . Each fiber span has a fixed length of L spn and an optical amplifier to compensate for its attenuation. There are pre-defined modulation levels c and coding rates r where each pair of (c, r ) requires minimum SINR (c, r ) to get a pre-FEC BER value of 1 × 10 −4 [8] . Each transponder is given modulation level c q , coding rate r q and injects optical power p q /m q to each active mode of each polarization to hold received SINR q more than η q where η is an SINR margin coefficient. Amplifies Spontaneous Emission Noise (ASEN) and Kerr NonLinear Interference (KNLI) are the main sources of SINR degradation [8] , [10] . Chromatic dispersion and mode coupling signal broadenings are respectively proportional to N q 2 b q and m −0.78 q N q with coefficients σ = 2π|β 2 |FL spn and = 5ι L spn where β 2 is the dominant chromatic dispersion factor and ι is the product of rms uncoupled group delay spread per unit length and section length [12] . Transponders add a sufficient cyclic prefix to each OFDM symbol to resolve the signal broadening induced by mode coupling and chromatic dispersion. There is also a guard band G between any two adjacent requests on a link. Considering the architecture of Fig. 1 , the power consumption of each pair of transmit and receive transponders P q can be calculated as follows:
where P trb is transmit and receive transponder bias term (including power consumption of A/D, D/A, S/P, P/S, OLO, IQM, OH and SM), P edc is the scaling coefficient of encoder and decoder power consumptions, P f f t denotes the power consumption for a two point FFT operation and P mio is the power consumption scaling coefficient of the receiver equalization and MIMO operations [2] , [11] . System model constants and variable ranges are summarized in Tab. I [2] , [12] . To have a green EON, we need a resource allocation algorithm to determine the values of system model variables such that the transponders consume the minimum power while physical constrains are satisfied and desired levels of SINR are guaranteed. In general, such problem is modeled as a complex NP-hard MINLP [8] . To reduce computational complexity, the resource allocation problem is usually decomposed into two sub-problems: ROS, where the routing and ordering of requests on fiber links are defined, and 2) TCS, where transponders are configured. Usually the search for a near-optimum solution involves iterations between these two sub-problems. To save this iteration time, it is of great interest to hold the running time of each sub-problem at its minimum value. In this work, we mainly focus on TCS which is the most time-consuming sub-problem and formulate it as a convex problem to benefit from fast convex optimization algorithms. Hereafter, we assume that ROS has been solved and consequently, we know traffic routes, number of spans N q , number of shared spans N q,i and the ordering function ϒ l, j that determines the relative order of the traffic routes in each link. ϒ l, j shows which request occupies j -th spectrum bandwidth on link l. For a complete study of ROS, one can refer to [8] and [9] . 
III. TRANSPONDER CONFIGURATION PROBLEM
where c, b, r, p, m and ω are variable vectors of transponder configuration parameters i.e. modulation level, number of subcarriers, coding rate, transmit optical power, number of active modes and central frequency. M b a shows the set of integer numbers between a and b. The goal is to minimize the total transponder power consumption where P q is obtained using (1) . Constraint (2b) forces SINR q to be η times greater than its required minimum threshold q . The main impairment sources (ASEN and KNLI) explicitly incorporate in SINR expression q while coefficient η provides an error margin for SINR value against other negligible impairments (such as phase noise). Constraint (2c) prevents two requests from sharing the same frequency spectrum. Constraint (2d) holds all assigned central frequencies within the acceptable range of the fiber spectrum. Constraint (2e) guarantees that the transponder can convey the input traffic rate R q in which wasted cyclic prefix times are considered. Problem (2) is a complex MINLP which cannot be easily solved in a reasonable time. Therefore, we use geometric convexification techniques to convert it to a well-formed mixed-integer convex optimization problem and then use relaxation method to solve it.
A posynomial expression [13] for SINR of a request in 2D EONs has been proposed in [9] in which dominant impairments of ASEN and KNLI have been addressed. Similarly, we consider each active mode as an independent source of nonlinearity and incoherently add all the interferences [8] to provide an SINR expression for FMFs:
where κ 1 = 0.4343, ζ = (e αL spn − 1)hνn sp and ς = [9] . Following the same approach as [9] , we arrive at this new representation of the optimization problem: 
Ignoring constraints (4f)-(4h) and the penalty term of the goal function (4a), formulation (4) is equivalent representation of MINLP (2) in which expression (3) and the mentioned posynomial curve fitting have been used for SINR constraint (4b). Constraints (4g) and (4h) and the penalty term are added to guarantee the implicit equality of d q,i = |ω q − ω i | [9] . Constraint (4f) is also needed to convert the generalized posynomial SINR constraint to a valid geometric expression, as explained in [13] . Now, consider the following variable change:
Applying this variable change to the goal function (which is the most difficult part of the variable change), we have:
Clearly, e −d q,i , e m q −r q and e 2m q 2 b q are convex functions. We use expression 5.36e 0.82b q +m q to provide a convex approximation for the remaining term 2e m q b q 2 b q . The approximation relative error is less than 3% for practical values of Tab. I. Consequently, (6) which is a nonnegative weighted sum of convex functions is also convex. The same statement (without any approximation) can be applied to show the convexity of the constraints under variable change (5).
To solve the problem, a relaxed continuous version of the formulation (4) is iteratively optimized in a loop [13] . At each iteration, the continuous convex optimization problem is solved and obtained values for relaxed integer variables are rounded by a given precision. Then, we fix the acceptable rounded variables and solve the relaxed continuous convex problem again. The loop continues until all the integer variables have valid values. The number of iterations is at most equal to (in practice, is usually less than) the number of integer variables. Moveover, a simpler problem is solved as the loop proceeds because some of the variables are fixed during each loop.
IV. NUMERICAL RESULTS
In this section, we use simulation results to demonstrate the performance of the convex TCS formulation. The European Cost239 optical network is considered [2] . To generate random traffic for simulations, we produce a normalized traffic matrix with random elements selected from interval [0, 1] and then multiply it by a positive real number to provide a desired aggregate traffic value. We use MATLAB, YALMIP and CVX software packages for programming, modeling and optimization. The bars in the figures show variance values for 20 random runs. The total power consumption of different transponder elements in terms of aggregate traffic with and without adaptive transmit optical power assignment has been reported in Fig. 2 . We have used the proposed approach in [14] for fixed assignment of transmit optical power. Clearly, for all the elements, the total power consumption is approximately a linear function of the aggregate traffic but the slope of the lines are lower when transmit optical powers are adaptively assigned. As an example, adaptive transmit optical power assignment improves total transponder power consumption by a factor of 23% for aggregate traffic of 60 Tbps. Fig. 3 shows total power consumption of different transponder elements versus number of available modes M in FMFs. The power consumption values are normalized to their corresponding values for the scenario with single mode fibers i.e. M = 1. As M increases, the amount of transponder power consumption decreases but there is no considerable gain for M > 5. Moreover, there is a tradeoff between MIMO and FFT power consumption such that the overall transponder power consumption is a decreasing function of the number of available modes. Fig. 4 shows power consumption of different transponder elements versus aggregate traffic for strongly-and weakly-coupled FMFs. Obviously, total transponder power consumption is considerably reduced for strongly-coupled FMFs (in which group delay spread is proportional to square root of path length) in comparison to weakly-coupled FMFs (in which group delay spread is proportional to path length). This is the same as the results published in [11] . For instance, improvement can be more than 15% for aggregate traffic of 60 Tbps. Numerical outcomes also show that the convex formulation is more than 10 times faster than its MINLP counterpart. As an example for 90 traffic demands, the convex formulation converges in less than 13 min while MINLP needs about 140 min. Therefore, the convex formulation satisfies timing constraints in dynamic resource allocation with resource reallocation period less than an hour [10] . Furthermore, our simulations show that the same statements and conclusions are obtained for NFS network.
V. CONCLUSION Energy-efficient resource allocation is the fundamental problem of green 3D FMF-based elastic optical networks. In this letter, we decompose the resource allocation problem into two sub-problems for 1) routing and traffic ordering, and 2) transponder configuration. We mainly focus on transponder configuration sub-problem and provide a convex formulation in which joint optimization of temporal, spectral and spatial resources along with transmit optical power are considered. Simulation results show that our formulation is one order of magnitude faster than its mixed-integer nonlinear counterpart and can reduce total transponder power consumption more than 20%. We demonstrate that there is a tradeoff between MIMO and FFT power consumptions as the number of modes in FMFs increases but the overall transponder power consumption is a descending function of the number of available modes. We also calculate the power consumption of different transponder elements and show that strongly-coupled FMFs reduce the power consumption of these elements.
